A high level of encephalization is critical to the human adaptive niche and emerged among hominins over the course of the past 2 Myr. Evolving larger brains required important adaptive adjustments, in particular regarding energy allocation and life history. These adaptations included a relatively small brain at birth and a protracted growth of highly dependent offspring within a complex social environment. In turn, the extended period of growth and delayed maturation of the brain structures of humans contribute to their cognitive complexity. The current palaeoanthropological evidence shows that, regarding life history and brain ontogeny, the Pleistocene hominin taxa display different patterns and that one cannot simply contrast an 'ape-model' to a 'human-model'. Large-brained hominins such as Upper Pleistocene Neandertals have evolved along their own evolutionary pathway and can be distinguished from modern humans in terms of growth pattern and brain development. The life-history pattern and brain ontogeny of extant humans emerged only recently in the course of human evolution.
Introduction
The human adaptive niche is largely shaped around the development of technological and social complexities. These developments allowed our species to extract energy from the environment in a way that is unprecedented among large mammals and subsequently resulted in a dramatic demographic expansion. The complex cognitive abilities required by such adaptive strategies are linked to very high levels of encephalization in hominins, i.e. large brain size relative to body size. Among mammals, the encephalization quotient and number of cortical neurons displayed by humans have only been approached by some cetaceans [1] . In Old World monkeys and apes (Catarrhini), brain size is closely related to body size [2] . The ancestors of the human genus, the australopiths, barely deviated from African apes in terms of brain volume (figure 1), but approximately 2 Ma early Homo started to evolve larger brains and bodies. Until at least 600 000 years before present, the increase of endocranial volume was primarily linked to increases in body mass [9] . It is only after this date that a significant (ca 30%) increase in endocranial volume occurred independently of changes in body mass. Finally, over the course of the past 30 000 years, body size and brain size both declined slightly in recent Homo sapiens.
The selective benefits of the very large human brain are counterbalanced by significant energetic costs. The brain is highly thermoregulated and extremely vulnerable to energy shortages, especially during development [10] . An adult brain requires ca 20-25% [11] of the basal metabolic rate for functioning and maintenance. This proportion is much higher during early growth [12] and peaks close to 66% by 4.2-4.4 years, when the developing brain approaches its adult size and synaptic densities are maximal [13] . Several adaptations that are unique to humans among primates have therefore been linked to the need for providing adequate energetic resources to the large human brain. The 'expensive tissue hypothesis' [14] posits that with increased meat and fat consumption a new source of highly energetic food was available to early Homo. This dietary shift would also have resulted in a reduction of the size of the energy-demanding digestive tract necessary for primarily vegetarian diets, and therefore allowed the reallocation of available energy to the brain. Various other changes in primate body composition have been considered to play a role in reducing the metabolic costs associated with somatic maintenance in humans, in particular, reduced muscularity [15, 16] . One of the strengths of this model results from the spectacular increase of meat and marrow consumption observed in early Homo. It has also been proposed that the use of fire for cooking during the Middle Pleistocene or even earlier [17] increased food efficiency and reduced time allocated to foraging, chewing and digesting. Whereas data collected on a wide range of mammalian species [18, 19] do not indicate a trade-off between the digestive tract (or any other energetically expensive organ) and the brain, this mechanism might still apply within hominids, which developed by far the largest brains [20] .
The 'maternal energy hypothesis' emphasizes the role of the increased metabolic rate and changes in the life-history pattern in humans for both developing and maintaining a large brain [21] . According to this hypothesis the size of the brain would primarily depend on the amount of energy that a mother can invest during the early ontogeny of her offspring. However, for methodological reasons it was difficult to test this relation adequately [18] . Energy supply is indeed crucial during fetal and early postnatal brain development. Among other human adaptations, the evolution of the highly invasive hemochorial placenta is often considered a response to the needs of the fast growing embryonic brain regarding nutrients and oxygen. The human ability to store energy in adipose tissues and thereby to buffer periodical shortages is also critical during development. In contrast to other primates, humans are born with a high level of adiposity and maintain this during early postnatal life [13] . By oxidation of fatty acids this fat layer provides ketones-the predominant brain fuel in the neonate-and it also contains brainselective omega-3 fatty acid [22] . It has been proposed that regular exploitation of shore environments allowed early hominins to access aquatic food sources, rich in brain-selective nutrients [22] .
Human absolute brain size increases rapidly during early development and, it reaches its adult size later than in other primate species [23] . Importantly, most of the human brain development takes place after birth, with a brain size at birth of around 28% of the adult size [24] . Human offspring are highly dependent on their parents during early development and humans are said to be 'secondarily altricial'. From an obstetrical perspective, the reduced proportional brain size in humans at birth allowed limitation of the increase in birth canal dimensions over the course of human evolution, as human pelvic anatomy is constrained by postural and biomechanical factors related to bipedalism as well as by thermoregulatory limitations.
Prolonged human development also has important effects on internal brain structures and their maturation. As a result of the low proportional brain size at birth and prolonged development in humans, a large portion of the brain's wiring develops over a long period of time while growing individuals interact with an enriched physical and cultural environment and are exposed to a vast variety of stimuli. Histological studies of brain tissue and magnetic resonance imaging (MRI) revealed that the developmental internal changes of the brain's wiring pattern are not only dramatic during early postnatal ontogeny but also that they extend long past the time of reaching adult brain volume [25] [26] [27] [28] [29] .
The development of cortical grey matter follows the functional maturation sequence; notably this is also the evolutionary sequence in which these regions were created [30] . Within the cortex, synapses are produced in large numbers during fetal development and infancy. According to experience and function, their density is then reduced and, especially for the regions associated with higher level cognition, does not stabilize until adolescence, which is notably delayed in humans [31] . At the time of birth, human brains are less myelinated than those of chimpanzees [32] and the myelination of the neocortex is developmentally protracted in humans.
Humans display a slower myelination of the cortical axons during childhood, and a delayed maturation extending beyond late adolescence [32] . Among anthropoid primates, the human brain is characterized by the highest proportional volume (35%) of white matter formed by long-range axons that underlie the grey matter with its local networks of neurons wired by dendrites and mostly non-myelinated axons [33] . Both chimpanzees and humans differ from macaques ( presumed to represent the ancestral primate pattern) in the maturation of the brain's prefrontal portion [34] : white-matter volume increases from infancy to adulthood in chimpanzees as well as humans, but not in macaques. However, during infancy, prefrontal white-matter volume increases at a higher rate in humans than in chimpanzees. Sakai et al. [34, 35] suggested that the protracted development enhances the impact of postnatal experiences on neural connectivity and that 'the rapid development of the human prefrontal white matter during infancy may help the development of complex social interactions'.
The unique human developmental pattern affects and is affected by the economic and social organization of hominin groups. Whereas in apes daily energy production is closely related to daily energy consumption of each individual throughout life, in human foraging societies adults extract energy from the environment at a rate far beyond their individual needs [36] . Meat sharing after a hunt is quite limited in chimpanzees [37] ; by contrast, food sharing is systematic among hunter-gatherers. Until late adolescence, developing individuals are net beneficiaries of these inter-individual energy contributions. Transfers occur not only from the mother to her offspring but also from the father, the grandparents and other adults of the group [38] . Humans are therefore said to practise 'cooperative breeding' or 'biocultural reproduction' [39] . When compared with apes, key aspects of the human adaptive model are a short interbirth interval and an early weaning age: early weaning allows mothers to share the burden of providing energy to the offspring with other adults from the group at an early stage of development. Human and chimpanzee females stop reproducing around the same age, but the first parturition occurs later in humans. However, due to the short interbirth interval, humans can reproduce at a faster pace than apes. Human females have a shorter reproductive life without increasing offspring mortality; this is centred on early adult life when female morbidity is reduced [40] . Importantly, humans can raise several highly dependent children simultaneously. The interactions with siblings and adults that this model entails have far-reaching implications for the psychological development of humans [41] . Finally, humans have a reduced somatic development during the childhoodjuvenile period followed by a marked and delayed adolescent growth spurt. Notably, body mass increase is at its slowest and related caloric needs at the lowest at ca 4-5 years when the metabolic expenditure related to brain growth is at its maximum [13] . This growth pattern prioritizes brain development over somatic development and it has been proposed that it also defers the energetic demand on parents with multiple dependents [42] .
2. Can we address these issues in the fossil record?
Brains are not preserved in the fossil record but inferences can be made from casts of the internal bony braincase [3, [43] [44] [45] . Such endocasts sometimes form naturally from sediments that fill the endocranial cavity during fossilization. They can also be generated synthetically, using latex and plaster, or digitally using computed tomography (CT) data of fossil crania. Endocasts provide evidence about brain size and shape; usually they reproduce imprints of surface details such as brain convolutions or meningeal vessels. As brains grow during prenatal and postnatal ontogeny, the bones of the skull accommodate the expanding brain, largely via depositional growth at the cranial sutures [46] [47] [48] [49] . The internal shape of the braincase therefore reflects the interplay of tempo and mode of early brain development and the growth of cranial bones. Based on cross-sectional samples of differently aged individuals, it is possible to study brain ontogeny in extinct species and to explore evolutionary changes of the developmental pattern of the brain [23, [50] [51] [52] . While studies of brain size evolution and ontogenetic brain growth are based on endocranial volumes, quantitative investigations of evolutionary and developmental brain shape changes have been hindered by the difficulty of measuring the smooth endocranial surface. Using geometric morphometrics (GM), a set of methods for the statistical analysis of shape based on Cartesian coordinate data of homologous anatomical landmarks [53] [54] [55] and semi-landmarks on curves and surfaces [56] , it is now possible to quantify endocranial shape [57] [58] [59] . Using GM methods, it is possible to visualize evolutionary and developmental endocranial size and shape changes, and reconstruct fragmentary fossils [60] [61] [62] [63] .
To understand the evolution of hominin brain ontogeny it is necessary to evaluate the age at death of fossil juvenile individuals. Reconstructing life-history parameters and the exact timing of development in extinct hominins, however, represents a major challenge. Among mammals or within primates, life-history theory relates biological parameters such as body mass or brain size to key aspects of life history such as age at first reproduction, yearly number of offspring, or adult lifespan [64] . However, this approach fails to predict precisely differences between closely related species of similar body/ brain size [65] . In extant primates, dental development is also assumed to be tightly correlated with key life-history events. In particular, it has been claimed that the eruption of the mandibular first molar correlates with weaning age and age at sexual maturity, and the eruption of the third molar with age at sexual maturity [66] . These correlations have been discussed in fossils (e.g. [67] ), but a major issue resulting from the impossibility of assessing the timing of dental development on fossil specimens has long remained unresolved. Ages at death of immature specimens were classically estimated using modern standards for calcification of the crowns and roots. At best this approach could demonstrate differences in the calcification and/or eruption sequences, or between dental and skeletal development of different taxa. A major breakthrough has resulted from the development of microstructural studies of dental tissues and their application to the fossil record (e.g. [68, 69] ). The analysis of enamel and rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140062 dentine from accretional structures developing with a known periodicity opened the possibility of assessing precisely calendar ages for fossil individuals. This new approach revealed differences in the timing of dental and somatic development between hominin taxa. More recently, high-resolution scans captured with synchrotron technology have made it possible to study dental microstructure in a totally non-destructive way [70] . Physical signs of biological stress visible in the dental tissues-in particular, those related to birth and weaning-can now be precisely set within the chronology of individual growth. Similarly, the assessment of changes in the chemical composition of these tissues demonstrated by carbon and nitrogen isotopic composition or enrichments in trace elements such as strontium or barium open new venues for the understanding of the evolution of diet in the early stages of hominin life history [71] [72] [73] .
Before Homo
Fossils from East and South Africa show that members of the hominin genus Australopithecus, who were ancestral to the human lineage, had body sizes and endocranial volumes in the range of extant great apes, in particular comparable with chimpanzees [3, 67, [74] [75] [76] . However, whereas the cognitive evolution of hominins is usually seen in light of this evolutionary increase of endocranial volume, there is mounting evidence that brain size alone is not the only relevant factor contributing to cognitive capacities. Rather, it is the internal organization of the brain and how its parts are connected during ontogeny that contribute to differences in cognitive abilities between species of similar brain size.
Based on fossil endocasts, some authors have argued that several australopith species show signs of brain reorganization that precede the evolutionary increase of brain size in hominins (e.g. [3, 45, 77, 78] ). In brains of apes, for example, an impression called the 'lunate sulcus' marks the anterior limit of the occipital lobe and corresponds roughly to the anterior lateral boundary of the primary visual cortex [79, 80] . Early 20th century anatomists argued that a homologous structure can be identified in some modern human brains in a more posterior position than in apes, and suggested that a relative evolutionary expansion of the brain's parietal and temporal cortices had shifted the lunate sulcus posteriorly. As a consequence, the identification of an 'ape-like' anteriorly placed lunate sulcus or a 'human-like' posteriorly placed lunate sulcus in fossil hominins has been used to infer evolutionary changes to brain organization, in particular the parietotemporo-occipital association cortices [81] , and thereby the evolution of hominin cognition. A human-like position of the lunate sulcus was described on the Taung child, the first Australopithecus fossil ever discovered [77] and was used to link this fossil group to the human lineage. This sparked a contentious debate about whether the lunate sulcus can be identified reliably on endocasts, and on its significance to cognitive evolution [82] [83] [84] [85] [86] [87] [88] [89] . Importantly, a re-evaluation of the lunate sulcus in a large human sample using MRI demonstrated that this feature is typically not present in modern humans [90] ; several authors have therefore questioned the phylogenetic significance of the lunate sulcus. It might, however, be possible to infer the evolutionary changes of the parietal region in australopith endocasts from direct comparisons of the intraparietal area. Recent work on the evolution of the prefrontal cortex [91, 92] has emphasized human-ape differences [93] in the 'middle frontal sulcus', which reproduces well on australopith endocasts [45] . Like humans, several australopith specimens from South Africa differ from the pattern found in apes [45] : the former show a separate 'middle frontal sulcus' and might therefore indicate an expansion of the prefrontal association cortices.
Several well-preserved fossil skulls of Australopithecus subadults make it possible to compare the ontogeny of australopiths to the developmental patterns observed in humans and great apes. Based on dental eruption [94] and tooth microstructure [95] , the dental development in Australopithecus has been likened to that in chimpanzees, suggesting a faster life history than in humans. However, based on a comparison of the Dikika child, a 3-year old Australopithecus afarensis, to adult fossils, it has been suggested that despite their ape-like endocranial volumes, members of this species took a longer time to attain the adult brain volume than African apes. This would make the pattern of brain growth in A. afarensis more 'human-like' [96] . This protracted pattern of brain development might indicate a longer period of early brain plasticity and an increased period of time during which the offspring remains dependent on parental care. However, to date this remains contentious, in particular due to the fact that the range of interspecific variability within apes is still poorly documented.
Homo erectus
The emergence of forms assigned to the genus Homo, in particular of early representatives of H. erectus approximately 1.9 Ma, has long been considered a decisive step in the emergence of several human features fully expressed in recent H. sapiens. These include large body size, human-like body proportions with long legs and reduced abdomen, large brain, high-quality diet including increased carnivory, increased tool-kit complexity and advanced social organization emphasizing food sharing. However, recent work has revealed a more complex mosaic of features, as some of these critical changes took place before or after the appearance of H. erectus [97] . Between 1.8-1.5 Ma, early African members of H. erectus displayed endocranial volumes in the range 800-900 cm 3 [3] but some recently discovered representatives of early H. erectus from Dmanisi (Georgia) still display substantially smaller endocranial volumes [4] . When compared with modern humans, H. erectus brains display significant morphological differences. These include low brain height, elongated and wider proportions, less developed temporoparietal areas and narrower frontal lobes, strong posterior projection of the occipital lobes, and anterior positioning of the cerebellar fossa. Building on life-history theory, the larger body size and brain size of early H. erectus prompted some to assign this species' life-history traits within the modern range of variation (e.g. [98] ). However, this prediction is at odds with the fossil record. Early brain development of H. erectus is best documented by the infant braincase of Mojokerto (Perning 1, Java) [99] and the BSN49/P27 Gona (Ethiopia) pelvis tentatively assigned to a female H. erectus 1 [102] . A wide range of estimates for calendar age at death of Perning 1 (18 months to 8 years) has been proposed [99, 103, 104] . These estimates were based on modern human standards and sometimes on estimates of the brain size itself, which resulted in some level of circular reasoning. [109] . It is critical to the computation of a proportional endocranial volume (PEV) as mean adult endocranial volumes of H. erectus increase by about 20% between 1.8 and 1.0 Ma [110] . Recent discoveries also demonstrate large variations in brain size and body form, reminiscent of those observed in modern populations, among H. erectus and sometimes within limited geographical domains [97, 111] . Depending on the chosen adult references, the PEV of Perning 1 could vary between ca 70% and 87%. These values depart from the mean modern values between 0.5 and 1.5 years of age. The former is intermediate between the mean values of humans and chimpanzees and the latter is comparable with ape values [105, 112] . It has sometimes been argued that the values of PEV in humans and apes widely overlap (e.g. [107] ). However, in most studies intra-specific variation is artificially increased by the use of cross-sectional data. This effect is further amplified by resampling [112] , a powerful method to establish mean trajectories but misleading when assessing species-related variation patterns. As shown in figure 2 , when longitudinal measurements of the head circumference are taken as proxies for individual brain growth, the distribution of proportional head circumference at a given age is more than three times narrower than that generated by a resampling of the same values.
Since the first microstructural studies on the dental tissues were implemented to assess growth rates in fossil hominins, KNM-WT 15000 (the so-called 'Nariokotome Boy') played a central role in our understanding of the development of early H. erectus [68] . This almost complete skeleton of a sub-adult individual provides us with a unique opportunity to compare calendar age, dental development and skeletal development. KNM-WT 15000 is considered to be a male individual who died at an early stage of adolescence [113, 114] . His skeletal developmental age established on the stages of ossification of epiphyses is close to 13-13.5 years by modern standards [115] . For this age, KNM-WT 15000 is a large individual displaying a stature (ca 160 cm) and body mass (ca 48 kg) close to that of a 15-18 year old modern African adolescent [114, 116] . By contrast, the dental development, with upper deciduous canines still in place and unerupted third molars, is comparable with that of modern children barely over 10 years old [114] . Assuming a mid-point developmental age ca 12 years old, as well as a stature growth comparable with that of extant humans and assuming an adolescent growth spurt, the likely adult size of such an individual was estimated at 185 cm, but with a possible maximum at 197 cm [115] . However, to date no adult H. erectus of such stature has been described in the entire fossil record. Furthermore, the analysis of enamel and dentine microstructures clearly shows that H. erectus individuals developed much faster than extant humans. At death, KNM-WT 15000 had a calendar age between 7.6 and 8.8 years, and a similarly faster development has been documented in other H. erectus specimens from East Africa and Java [68, 114] . When all of these parameters are taken into account, KNM-WT 15000 displays a somatic developmental pattern closer to that of a chimpanzee than to that of a modern human. In particular, the contrast between its skeletal development and actual calendar age seriously challenges the notion that H. erectus growth already exhibited a childhood slowdown and an adolescent spurt.
Large-brained Late Pleistocene hominins
In the past 0.5 Ma, hominin brains continued to increase in volume. This evolution is primarily documented by African fossils ancestral to modern humans and by the western Eurasian fossils belonging to the Neandertal clade. This brain size increase is independent from body size changes [9] and occurred separately in the two lineages [57, 117] . It has often rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140062 been claimed that Neandertals developed larger brains than modern humans (e.g. [1] ). However, when body mass is taken into account, the encephalization quotient is actually higher in recent H. sapiens, who experienced a recent reduction in both body size and brain size [9] . As a result of these independent trajectories, Neandertals and modern humans evolved brains displaying clear anatomical differences. Neandertals developed a larger brain along an allometric trajectory retaining most of the archaic characteristics present in the Middle Pleistocene common ancestor of the two lineages. It resulted in a widening of the frontal lobes, a more elevated shape and a relative reduction of the occipital lobes [57] . By contrast, modern humans developed a more globular shape of the brain primarily resulting from a bulging in the parietal areas and a ventral flexion ( figure 3 ). In addition, modern humans display a proportionally larger cerebellum, larger olfactory bulbs and temporal lobe poles, and a wider orbitofrontal cortex [118] . As the skull develops and evolves as a tightly integrated structure [119] , it is currently not well understood to what extent endocranial shape differences primarily result from variation in brain structure, or correlate with species differences in facial and mandibular size and shape. Whereas at least some endocranial changes in the frontal lobe [120] and temporal pole might arguably be related to changes in face and mandible, the posterior cranial fossa has a good correlation with the cerebellar lobes, and the bulging parietals of modern humans have been linked to evolutionary reorganization of deep parietal brain areas such as the precuneus [121] .
In terms of size, Neandertal brain growth is close to that observed in modern humans. The brain size at birth of the Neandertal neonate from Mezmaiskaya has been estimated to be between 382 and 416 cm 3 , close to modern values [122] .
During infancy and childhood the pattern of PEV increase widely overlaps with that of modern humans, possibly with a slightly higher growth rate in Neandertals [122, 123] . Current evidence suggests a comparable level of altriciality in the two groups. However, in terms of shape, the anatomical differences observed between adult Neandertals and modern humans start to develop soon after birth and can be analysed on immature specimens.
Neubauer et al. [59] quantified the ontogenetic shape changes of the endocast between birth and adulthood in recent modern humans and chimpanzees using GM on virtual endocasts. They showed that, whereas modern H. sapiens and Pan differ in endocranial shape throughout postnatal ontogeny, these two groups share a similar pattern of endocranial shape changes following the eruption of the deciduous dentition. In fact, the patterns of endocranial development from late infancy to adulthood are similar among all extant hominoids, suggesting a shared mode of endocranial development [124] . Modern humans, however, depart from this generalized pattern directly after birth: until the eruption of the deciduous dentition, the braincases of recent modern humans undergo a 'globularization phase' in which the elongated neurocranial shape found in modern human newborns becomes more globular, with bulging parietal and occipital bones [58, 59] . These ontogenetic shape changes seem to mirror the well-known adult shape differences between modern and archaic humans, including Neandertals [125] [126] [127] . Based on virtual reconstructions of Neandertal fossils from neonates to adult individuals, Gunz et al. [61, 62] tested whether Neandertal sub-adults undergo a postnatal globularization phase. At the time of birth Neandertal and modern human newborns can be distinguished based on facial and dental characteristics [62, 122, 128, 129 ], yet the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140062
shapes of their endocasts are almost identical ( figure 3) . In early postnatal ontogeny, modern humans and their closest fossil relatives developed their brains differently and Neandertals lack a postnatal globularization phase [61, 62] . However, after the eruption of the deciduous dentition modern humans, Neandertals and chimpanzees share a common-presumably ancestral-developmental trajectory with regard to endocranial shape changes [62] . These findings provide an ontogenetic perspective to Bruner's observation [57, 130, 131] that the neurocranial shape differences between Neandertals and modern humans are prominent in the parietal area. They are also consistent with the findings reported by Bastir et al. [118] based on the shape of the basal brain. These authors demonstrated that the human temporal lobes, involved in language, memory and social functions, as well as the olfactory bulbs, are relatively larger in H. sapiens than in Neandertals. Some have deduced, from the large size of the Neandertal brain, that the life-history pattern of this group should have been close to that of extant humans (e.g. [122] ). However, some differences with H. sapiens have been identified. The rich Neandertal fossil record makes it possible to investigate the somatic and dental development of these hominins, and from histological studies of immature Neandertals one can extract the exact timing of the developmental processes [69, 132] . As a whole, the calendar ages obtained by such analyses provide younger ages than those predicted by modern standards for the eruption and calcification pattern of the teeth. These results contrast with those obtained on early forms of H. sapiens already close to the modern conditions [69, 70] . This implies that dental development occurred faster in Neandertals and/or that some phases of their somatic development were accelerated in comparison to extant humans. This issue is one of the most contentious among Neandertal studies.
Although Neandertal skeletal development might have slowed down at some point during infancy [133] , it has been suggested that Neandertal infants had a faster skeletal growth than extant H. sapiens [134] . Central to this debate is the Neandertal skeleton Le Moustier 1 (France). This rather complete individual displays a skeletal development in the early adolescence somewhere between 9 and 14 years of age with possibly still 15% of its growth to complete before reaching the average stature of an adult male European Neandertal [135, 136] . This skeletal development is compatible with the calendar age at death estimated between 11.6 and 12.1 years by the analysis of its dental accretional microstructures [70] . However, both estimates strongly contrast with the dental age of ca 15.5 years based on modern standards. If one emphasizes the correlations between dental development and life-history events [66] , an early eruption of the third molar in Le Moustier 1 would imply an early puberty and faster completion of the brain maturation in Neandertals. A reproductive life beginning earlier than in H. sapiens could be related to a high mortality rate in young adults [137] . It should be noted, however, that in Neandertals the primatewide established correlations between the first molar eruption and some life-history events seem not always to be confirmed. Furthermore, if Le Moustier 1 were representative of the regular Neandertal skeletal development, its early sexual maturation would imply a faster completion of its late skeletal growth.
It has been suggested that Neandertals habitually weaned infants at a later age than recent H. sapiens. However, this conclusion was based on the analyses of dental wear [138] and enamel hypoplasia [139] and did not take into account the faster dental development of Neandertals, which has been demonstrated only recently. Measurements of Ba/Ca ratios, thought to reflect dietary changes, were obtained in the first molar enamel of an immature Neandertal from Scladina (Belgium). These results still need to be replicated but seem consistent with exclusive breastfeeding until seven months followed by supplementation until total cessation of nursing at 1.2 years of age [73] . As a whole, interpreting the Neandertals evidence is quite challenging. When the large adult body and brain size of these hominins and their very high energetic needs [140] are taken into account, the faster development of their offspring, in terms of dentition, as well as possibly brain and later skeletal growth, offer a puzzling picture. Neandertal female adaptations to pregnancy and lactation periods represent a major topic for future investigations.
Discussion and conclusion
Debates surrounding the hypotheses proposed to explain how the evolution of large brains relates to life-history patterns and how it can be afforded in energetic terms, highlight the opposition between two approaches. For some, they are the expression of macroevolutionary models arguably applicable to all mammals, including in particular metabolic trade-offs between organs and relations between body size, brain size and life-history patterns. For others, these models do not always match the available fossil evidence and the emphasis should be put on adaptive mechanisms that might be applicable to hominins or to the genus Homo. Even though debate and controversy about the identification of features on fossil endocasts persist, there is a consensus that Australopithecus endocasts show signs of brain reorganization and depart from the sulcal patterns found in apes, despite their ape-like endocranial volumes. It is therefore possible that brain reorganization in australopiths and its cognitive consequences underlie the subsequent brain expansion in the genus Homo. Furthermore, if supported by further investigations, the protracted pattern of brain development in A. afarensis would confirm that one cannot simply contrast a primitive 'ape-pattern' to a 'human-pattern'.
The spectacular development of large brains by later Pleistocene hominins required major anatomical and developmental adjustments, among which improved diet quality, reallocation of the energy budget (including locomotion costs), changes in developmental patterns and reproductive strategies have played key roles. It seems difficult to reduce this evolution to a simple chain of causality [19] . However, as underlined by Aiello [20] , of arch importance is the question of why a reallocation of so much of our energy budget to the growth and maintenance of such a costly organ was necessary in the first place.
Human-accelerated sociocultural evolution can be seen as niche construction, in which our large brain plays a central role. Its unparalleled increase depended on the establishment of peculiar developmental and demographic patterns, including protracted growth and delayed reproductive life. As human brain maturation extends over a very long period of time and is shaped by the interactions of the individuals with their environment, the uniquely long human developmental pattern has reciprocally contributed to the increase in our behavioural complexity. Early phases of brain rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140062 development are critical, but the acquisition of higher cognitive and social skills covers a much longer period of time. For example, during the acquisition of language by modern children, the syntax is not fully mastered before the age of 5 years and the learning of an extended lexicon lasts even longer. Although the brain reaches its adult size at a rather early age in comparison with other organs, its structural and functional maturity is attained only in young adulthood [141] .
The fossil evidence provides us with several snapshots highlighting changes in brain development and life history in the course of the past 2 Myr. Simplistic reasoning based on life-history theory have concluded that a human developmental model should have been acquired relatively early during the evolution of the genus Homo [98, 122] . The reality is more complex and the four best-documented groups of fossil hominins (Australopithecus, H. erectus, H. neanderthalensis and H. sapiens) display different mosaics of features that cannot simply be seen as phases of a linear evolutionary transition.
In terms of absolute brain size, H. erectus stands in an intermediate position between Australopithecus and Late Pleistocene large-brained hominins. During infancy, its brain experienced a rapid volumetric growth comparable with that of recent humans, but it reached its adult size earlier during childhood. Therefore, during a shorter extra-utero growth phase, a smaller proportion of brain tissue developed under the influences of an enriched environment. Importantly, puberty and sexual maturity occurred at a younger age than in modern humans. A shorter learning period and faster maturation of the brain resulted in an earlier decline of its plasticity. The likely lack of an adolescent spurt in H. erectus also suggests a limited capability for adults to raise multiple dependents and/or an earlier and greater independence of the adolescents. All of these differences have important social, economic and psychological implications. Overall, it is most unlikely that the cognitive abilities and social skills of H. erectus could be comparable with those of recent H. sapiens.
The large brains of H. neanderthalensis and H. sapiens developed along two different evolutionary pathways. The resolution of comparable energetic challenges, especially during early infancy, resulted in some similarities in the lifehistory patterns of the two groups. Further investigations are still needed to test whether both lineages developed an early weaning of their young in order to allow efficient cooperative breeding. However, clear differences in the growth patterns also appear, notably when the dental development is taken into consideration, and Neandertals might have entered reproductive life earlier than H. sapiens. Early brain development in particular is quite distinct in the two species. While the developmental processes underlying the uniquely modern human globularization phase are not yet known, the timing between birth and the eruption of the deciduous dentition implicates interspecies differences in the tempo and mode of brain development. The Neandertal-modern human differences in early brain ontogeny are most prominent during a critical phase for cognitive development and probably affect the neuronal and synaptic organization of the developing brain, the biological substrate for cognition. These developmental differences are evident in regions of the brain (orbitofrontal cortex, parietal areas and cerebellum) that might be involved in specific cognitive tasks of importance in later H. sapiens [142] .
Finally, the exploration of the Neandertal genome, although still in its infancy, also highlights differences between the two groups. In particular, one cannot say much about gene expression. It remains, however, that among the list of genes that were modified in the course of evolution of H. sapiens since the separation from the Neandertal lineage, several are related to brain development and function [143] . In modern children, mutations of the ADSL gene are known to result in varying degrees of psychomotor retardation or autism, mutations of GLDC in glycine encephalopathy and those of SLITRK1 in Tourette syndrome. Some other genes unique to modern humans (CASC5, KIF18A, TKTL1, SPAG5, VCAM1) are expressed in the proliferative layers (ventricular and subventricular zones combined) during mid-fetal development [144] . The activity of CASC5, KIF18A, SPAG5 might influence the number of neurons generated as these genes code proteins that are part of the spindle and kinetochore separating the chromosomes during cell division.
The current evidence strongly suggests that a fully modern life history and cerebral-developmental pattern did not appear until rather recently in the course of human evolution. Moreover, a significant amount of adaptive changes affecting the brain probably also took place in the past few hundred thousand years along the evolutionary line leading to extant modern humans.
